Aquatic environments are typically not homogenous, but characterized by changing substrate concentration gradients and nutrient patches. This heterogeneity in substrate availability creates a multitude of niches allowing bacteria with different substrate utilization strategies to hypothetically coexist even when competing for the same substrate. To study the impact of heterogeneous distribution of organic substrates on bacterioplankton, bioreactors with freshwater bacterial communities were fed artificial freshwater medium with acetate supplied either continuously or in pulses. After a month-long incubation, bacterial biomass and community-level substrate uptake rates were twice as high in the pulsed treatment compared to the continuously fed reactors even if the same total amount of acetate was supplied to both treatments. The composition of the bacterial communities emerging in the two treatments differed significantly with specific taxa overrepresented in the respective treatments. The higher estimated growth yield in cultures that received pulsed substrate inputs, imply that such conditions enable bacteria to use resources more efficiently for biomass production. This finding agrees with established concepts of basal maintenance energy requirements and high energetic costs to assimilate substrates at low concentration. Our results further imply that degradation of organic matter is influenced by temporal and spatial heterogeneity in substrate availability.
Introduction
Substrate quantity and quality as well as the availability of inorganic nutrients are important regulators of bacterial growth and growth efficiency (Vallino et al., 1996; del Giorgio and Cole, 1998) . Bacterial communities are known to react strongly to changes in substrate supply (Tranvik, 1988; Grover and Chrzanowski, 2000; Pernthaler et al., 2001) and individual populations also display preferences and variable affinities for specific substrates (Beier and Bertilsson, 2011; Salcher et al., 2013) . Accordingly, substrate composition and availability can be strong selective forces in shaping the composition of bacterial communities (Eiler et al., 2003; Langenheder et al., 2005; Judd et al., 2006; Landa et al., 2014) . While some populations adapt to low concentrations by high affinity uptake systems (Salcher et al., 2011) other bacteria will adopt an opportunistic life strategy and rapidly grow to higher abundances when substrates become plentiful (Salcher et al., 2013) . Patchiness in substrate availability over time and space may therefore enable a diverse set of seemingly functionally redundant heterotrophic organisms to coexist in the ecosystem (Salcher et al., 2013) offering an explanation to how metabolically similar species can avoid competitive exclusion (Hutchinson, 1961) . A few studies have described bacterial exploitation of substrate patches in aquatic ecosystems (Blackburn et al., 1998; Stocker et al., 2008; Stocker, 2012) and the genomic underpinning of substrate acquisition strategies (Lauro et al., 2009) . Studies specifically addressing how substrate delivery rate and concentration influence bacterial community composition are few, and have mainly been based on modelling approaches (Konopka et al., 2002; Lennon and Cottingham, 2008; Eichinger et al., 2009) . It has been suggested that members of communities continuously receiving low substrate inputs are expected to uphold cellular maintenance also under starvation and this would in theory result in lower growth yield compared to populations exploiting transient pulses of higher substrate availability (del Giorgio and Cole, 1998; Konopka, 2000) .
Inspired by previous experiments (Carrero-Col on et al., 2006; Konopka et al., 2007) , we hypothesized that continuous and pulsed supply of acetate would select for bacterial communities with different community composition. Specifically, we expected a community exposed to pulses of acetate to feature higher diversity due to temporal heterogeneity in resource supply, creating multiple niches (van Gemerden, 1974) . Additionally, we further hypothesized that a continuously low concentration of acetate would lead to a more specialized community, favouring taxa with higher affinity towards acetate uptake and that substrates delivered in this way would be used at lower growth efficiency.
We investigated the effects of variation in substrate delivery by comparing continuously fed bioreactors to treatments receiving pulsed organic substrate inputs. An experiment was conducted with acetate as single carbon source and with total carbon concentrations representative for an oligotrophic freshwater lake ecosystem. During a month-long incubation, lake bacterioplankton communities in both treatments were supplemented with an equal amount of acetate as either pulsed additions or provided continuously. Acetate was chosen as substrate as it represents a dominant low molecular weight substrate for freshwater bacterioplankton, being produced both from photochemical degradation of humic substances (Bertilsson and Tranvik, 1998) and excretion from actively photosynthesizing phytoplankton (Bertilsson and Jones, 2003) while also accumulating as metabolic intermediates under anoxic conditions (Lovley and Klug, 1982) .
Results

Bacterial growth yield
At the start of the experiment, the mean bacterial cell abundance was not significantly different between the two treatments (t-test, p-value 5 0.32) with 1.54 3 10 6 6 5.58
3 10 5 cells ml 21 (n 5 6) in the pulsed treatment and 1.25 3 10 6 6 4.18 3 10 5 cells ml 21 (n 5 6) in the continuous treatment. During the experimental incubations, the abundance became approximately twice as high in the pulsed treatment with final abundances after one month of incubation at 1.72 3 10 6 6 4.95 3 10 5 cells mL 21 in the pulsed treatment and 9.23 3 10 5 6 4.80 3 10 5 (n 5 6) cells ml 21 in the continuous treatment (Fig. 1 ). There was a significant difference in abundance between the two treatments throughout the incubation period (within-subjects ANOVA, F(28,232), 2.94, p-value < 0.001), with the first significant difference observed already after the second pulse, on day 6 of the incubation (p < 0.001). The average acetate concentration in the reactor feed was 220 lg C L 21 for both treatments while the analytically determined standing stock of acetate in the reactors just before the acetate uptake assays at the end of the month-long experiment was equal for both treatments (13 6 3.1 and 13 6 4.0 lg C L 21 for the continuous and pulsed reactors respectively). Similar acetate levels (13 6 2.7 lg C L
21
) were seen in Milli-Q water blanks subjected to membrane filtration in the same way as the samples, suggesting that all of the added acetate was being used up in the reactors. Additionally, there was no significant difference in forward scatter (FSC) as a proxy for cell size between treatments (repeated measures ANOVA, F[1,70], 0.047, p-value 5 0.83; Supporting Information Fig. S1 ), suggesting that cell counts can be used to approximate differences in growth yield when comparing the two treatments.
Acetate degradation and uptake
At the end of the experiment, acetate degradation was monitored using HPLC following a 220 mg C L 21 acetate spike-in addition. Acetate decreased in all reactors, but degradation was more rapid in the pulse-fed reactors with no acetate remaining after 8 hours. In contrast, acetate remained at detectable concentrations in the continuously fed reactors even after 12 h of incubation (Fig. 2) Table S7 for details). The lower acetate uptake rates compared to estimated degradation is likely due to high mineralization of the substrates being used, but may in part also result from contrasting substrate levels in the two assays. Similarly to the acetate spike-in degradation experiments, there were no significant differences in cellnormalized acetate processing rates between the treatments (t-test, p-value 5 0.26), suggesting that the higher acetate processing capacity in the reactors receiving pulses of substrate was directly related to the higher bacterial biomass under these conditions.
Bacterial community composition
In the 22 samples analysed, a total of 332,622 assembled and quality-filtered amplicon sequences were obtained, with the number of sequences per sample ranging from 11,959 to 23,608. At the end of the experiment, there was a significant difference in community composition between pulsed and continuous treatments (Permanova, F[1,10]: 7.82, p-value < 0.001, R 2 : 0.43) (Fig. 3) . The Proteobacteria phylum was dominant at the start and end of the experiment for both pulsed and continuous treatments, accounting for more than 90% of the reads and featured representatives from the alpha, beta and gammaProteobacteria classes. There was a 50% reduction in the number of observed OTUs from the start to the end of the experiment (from 217 OTUs to 112). The estimated community richness (Chao1; Fig. 4 ) was also significantly lower by the end of the experiment compared to the start (two-way ANOVA, F[1,22]: 8.36, p < 0.008) but was not significantly different between treatments by the end of the experiment (ANOVA, F(1,10): 0.012, p 5 0.914). The communities developing in the reactors were different from the natural lake inoculum. The natural community obtained from Lake Erken, featured Actinobacteria as the most abundant phylum with members of the ac1 lineage as prominent community members, while these were only present at very low abundances in the reactors (Table 1) . Conversely, OTUs affiliated with the genus Limnohabitans (Betaproteobacteria) and Sphingobacteria (Alphaproteobacteria) were more abundant in the reactors while only present in low abundances in the lake inoculum (Table 1) .
EdgeR was used to identify taxa that were significantly (p < 0.05) over-represented in the respective treatments (Table 2) . Characteristic OTUs for the pulsed treatment were Limnohabitans-A1, Limnohabitans-A3 and two Sphingomonadales while the continuously acetate-fed treatment ) was seen in filter blanks, suggesting that actual in situ acetate concentrations were negligible. were characterized by other Sphingomonadales and Limnohabitans-A3 OTUs, Polynucleobacter (PnecB) and Acinetobacter (gamIII) ( Table 2 ). For the pulsed treatment, the indicator OTUs contributed with on average 36% of the reads at the end of the experiment, while the corresponding average for the continuous treatment was 12%.
Discussion
Substrate heterogeneity can be observed across both spatial and temporal scales in aquatic environments. Here, we measured the importance of substrate patchiness over time as a potential controlling factor for total bacterial growth yield and substrate uptake rates. All reactors received the same total amount of carbon substrates during the course of the experiment and these substrates were efficiently used up in both treatments as seen from the equally low background levels in the two treatments. Nevertheless, estimated bacterial biomass was more than twice as high in the pulsed compared to the continuous treatment ( Fig. 1 ) and hence we argue that pulsed substrate delivery allowed for a higher proportion of the metabolically mobilized energy to be diverted to biomass production (Lennon and Cottingham, 2008) rather than being used for cellular maintenance. The difference between treatments may quite likely be due to the higher energetic costs for taking up substrates at constantly low concentrations typical for the continuous treatment (Egli, 2010) . The variable concentrations in the pulsed treatment would, in contrast, allow for less energetically expensive transport or even passive diffusion into the cell (Weiss et al., 1991) . We further speculate that the pulsed substrate delivery mode may foster heterotrophic communities capable of rapid transitions between physiological states, i.e. switching from growth to an inactive state (Konopka, 2000) . Such a lifestyle may also enable more efficient use of resources, as cellular maintenance costs would be lower during periods of inactivity. In contrast to our initial expectations, differences in diversity sensu richness did not explain the functional differences observed, since richness did not differ between treatments (Fig. 3) . However, differences in estimated bacterial growth yield coincided with changes in community composition between the two treatments. Such a coupling of yield with composition has also been observed in experiments along substrate concentration gradients in batch cultures (Eiler et al. 2003) , suggesting a coupling between community composition and substrate processing capabilities in response to availability of resources. Underlying the differences in community composition, certain OTUs were identified as being significantly overrepresented in each of the two treatments. For instance one of the representatives The average relative abundance for the indicated treatment is presented 6 standard deviation. LogFC denote the log 2 -fold change between continuous and pulsed treatments in OTU relative abundance. Taxonomic affiliations are given according to the framework presented in Newton et al. (2011). of the pulsed treatment was identified as Limnohabitans-A1 known for having an adaptive generalist life strategy and being capable of opportunistic fast growth (Jezbera et al., 2013) . For the continuous treatment, the abundant and widespread planktonic freshwater lineage Polynucleobacter (PnecB) was significantly overrepresented (Table 2) . Members of this lineage have previously been implicated in passively using acetate and other low molecular weight photoproducts in humic lakes (Hahn et al. 2012) . Furthermore, populations equally present in the two treatments may also display functional plasticity (Agrawal, 2001) , manifested as different physiological and metabolic features under the two different substrate delivery conditions. This could at least partly explain the observed differences in estimated bacterial growth yield. Since we did not directly manipulate community composition, our experimental design does not enable us to explicitly investigate the causal effects of community changes on community uptake characteristics.
While the use of highly controlled continuous flow reactors fed with a defined artificial lake water medium enabled us to isolate the effects of substrate patchiness on bacterial communities, the approach is not without limitations. For instance the removal of grazers may enrich for active bacteria that are otherwise selectively consumed and therefore rare in a natural environment (e.g., Salcher 2014) . Further, the use of an artificial defined media is likely to select for a certain subset of the total lake community and this is in agreement with reactors hosting communities with lower richness as compared to the natural lake inoculum. While this prevents us from directly extrapolating our findings to lake ecosystems where also predation and other loss factors are important, our findings emphasize the potential of substrate patchiness as an important factor influencing bacterial growth yield and consequently also the fate of organic substrates processed by heterotrophs. Another factor that may influence the communities is potential biofilm development in the reactors. While no such biofilms were visibly observed at the end of the extended incubation, we cannot exclude the possibility that a lesser number of bacteria with such a lifestyle could have contributed to substrate use in the reactors. Regardless of these limitations, the flowthrough reactor design allowed us to study bacterioplankton responses to the heterogeneity of substrates, a feature known to be prominent in natural ecosystems.
Episodic events such as massive algal blooms and spring floods flushing in substrates from the watershed can shape concentrations of organic matter substrates over larger scales (Kaplan and Bott, 1989; Bertilsson and Jones, 2003; Raymond et al., 2016) . More frequent but less dramatic events such as wind-driven sediment resuspension and photochemical production of acetate and related photoproducts in sunlit surface waters may create intermediate-scale heterogeneity in organic substrates (Bertilsson and Tranvik, 1998) . Microscale patchiness has received less attention and is less evident, but substrate release-plumes from degrading organic particles suspended in the water or short-lived pulses of dissolved organic substrates from a phytoplankton cell lysed by a virus or the organic compounds released by bacterivore sloppy feeding, will create substantial microscopic-scale heterogeneity that may influence local substrate availability (Stocker, 2012) . Considering these contrasting spatial and temporal scales and the widespread occurrence of processes creating substrate heterogeneity, our observation of substantial differences in estimated bacterial growth yield and the linked differences in diversion of dissolved organic matter into biomass and the food web merits further study.
Experimental procedures
Inoculum and artificial lake water
Surface water for the experiment was collected from Lake Erken, situated in central Sweden (59.838N, 18.648W) on 23 of April 2014. To remove grazers, water was first vacuum filtered (3.5 psi lb/in 2 ) through 0.7 mm glass fiber filters (Whatman TM , grade GF/F) that had been combusted at 4508C for 4 h. The recovered bacterial community in the filtrate was stored in the dark at 208C for a week under batch growth in a 1 L bottle (Schott, Duran) to allow the bacterial community to stabilize to in vitro conditions. Cell abundance was subsequently determined and 2.1 3 10 6 cells were added to a batch-incubation with 100 mL artificial lake media (Supporting Information Table S1 ; Bastviken et al., 2004) , to obtain a natural bacterial inoculum adapted to the artificial lake water media and the acetate carbon source. Some of the media components were autoclaved separately to avoid precipitation (KHCO 3 , Na 2 HPO 4 , sodium acetate and micro constituents). Sodium acetate was added to the media to a final concentration of 220 mg C L 21 (Supporting Information Table S1 ).
Evolving continuous cultures
At first, twelve replicate continuous cultures were established in sterile 200 mL glass cylinder reactors. Each reactor was inoculated with 4.5 3 10 4 cells, from the batch culture described above. Two 5-L bottles with media were connected to six incubation reactors each. Long glass tubes connected to silicone tubes directed the media from the reservoir to the peristaltic pump and from the pump to the incubation bottle. Each incubation bottle was sealed with a Teflon-coated membrane with holes to fit a stainless steel needle for sampling and through which addition of acetate pulses were made during the experiment. An air filter was also connected through the membrane seal with a silicone tube to avoid pressure build-up inside the reactors. Reactors were constantly stirred with magnetic rods. These reactors were maintained for a month at 188C in the dark, while aseptically and continuously feeding them with sterile artificial lake water media and sodium acetate. Each reactor received a total of 21 mg C day 21 using a peristaltic pump (ISMATEC, Switzerland) at a continuous flow rate of 4 mL h 21 (hydrological turnover time 2.1 days). After one month of continuous pre-cultivation, the contents in the 12 reactors were pooled, mixed and aseptically redistributed to 12 new reactors. This was considered the start of the experimental incubation, where the reactors were exposed to two different treatments. Six reactors were maintained under a sustained continuous substrate delivery regime (21 mg C day
21
) while the six remaining reactors were continuously fed artificial lake water medium devoid of acetate at identical flow rates and an equal total amount of acetate as for the continuous reactors was provided as a substrate spike every second day, using a syringe to aseptically add 1.4 mL from a 29 mg C L 21 acetate stock.
Bacterial cell abundance was measured daily during the one month-long experiment while bacterial cells for DNAbased community analyses were collected at the start and end of the experimental incubations.
Acetate degradation and uptake
At the end of the experimental incubation, we evaluated acetate uptake capacity in both pulsed and continuously acetatefed reactors by spiking all incubation reactors with an identical (high) amount of acetate (220 mg C L
21
) and then tracking the substrate using HPLC-based analyses of organic acids. Samples were collected from each reactor prior to the addition of acetate to determine the background acetate concentration. Later, concentrations were measured every second hour during a 12-h period. For each time point, 1 mL of water was collected in polypropylene micro-centrifugation tubes (Eppendorf) that had been thoroughly rinsed with pure water (Milli-Q Advantage A 10 ultrapure water purification system). Samples were filtered through pre-rinsed 0.2 mm pore size Supor 200 filters (Pall Corporation, Port Washington, NY, USA). In parallel, Milli-Q water blanks were processed in the same way to account for acetate contamination from the handling. A Varian ProStar HPLC system featuring a model 430 auto-sampler with a 100 mL loop and two model 210 pumps with titanium pump heads, a Thermo Scientific Dionex RFC-30 Reagent Free Controller (with a EGC III KOH cartridge), an AERS 500 suppressor (operated in external water mode) as well as a Dionex ED40 conductivity detector was used for this purpose. Separations were performed at a flow rate of 1.5 mL min 21 on a Thermo Scientific Dionex IonPac AS11-HC column (4 3 250 mm) with an IonPac AG11-HC guard column (4 3 50 mm) using a hydroxide gradient (1 mM 0 to 15 min, 1mM to 50 mM 15 to 20 min, hold for 5 min, 50 mM to 1 mM and hold for 5 min). To compare acetate uptake between treatments, acetate degradation rates during the first 6 h following substrate addition were estimated using linear regression.
In parallel, cellular uptake of acetate was evaluated at lower concentrations with tracer additions of . One of the replicates served as sterile control with formaldehyde added prior to the radiotracer addition (final concentration 2%). The samples were then incubated in darkness for 0.5 h. Incubations were terminated by adding formaldehyde, as was done in controls. Samples were filtered through 0.22 mm pore-size membrane filters (GSWP, MF-Millipore), pre-soaked in sodium acetate (1 mg L
) prior to use in order to minimize surface absorption of 14 C labelled substrate to the filter. Filtrations were carried out in a 12-position vacuum filtration manifold that was thoroughly rinsed in between samples. Filters, with the cell side facing up, were placed in scintillation vials and covered with scintillation cocktail (5 mL filter count, LSC cocktail, Perkin Elmer) and swirled gently. After 10 h, the radioactivity in each sample was measured by liquid scintillation with a Beckman LS 1801 scintillation counter (as previously described by Bertilsson et al., 2007) . Decays per minute (DPM) were calculated using quench correction and uptake rates were reported after correcting for incubation time and volume. For both radiotracer-and HPLC-based acetate uptake estimates, total rates were also normalized for differences in cell abundances and were reported as cell specific uptake rates.
Bacterial community composition and diversity
To collect bacterial cells, a total of 10 mL of water was collected from each reactor by vacuum filtration through 0.2 mm Supor 200 filters (Pall Corporation, Port Washington, NY, USA). Filters were stored at 2808C until DNA extraction was performed using the Power Soil DNA isolation kit as recommended by the manufacturer (MoBio Laboratories, Carlsbad, CA, USA). Each sample was initially amplified in duplicate using bacterial primer constructs targeting the variable V4 region (amplification method in Supporting Information Tables  S2 and S3 ). Duplicates were pooled and purified using the Agencourt AMPure (Beckman Coulter) as recommended by the manufacturer, and then used as template in a second PCR step (method in Supporting Information Tables S4 and S5) in order to attach standard Illumina handles and index/barcode primers (primer and barcode sequences in Supporting Information Table S6 ). PCR products were purified as mentioned above, and quantified by fluorescence using the PicoGreen assay (Quant-iT PicoGReen, Invitrogen). The individual barcoded amplicon samples were pooled in equimolar amounts for sequencing at the SciLifeLab SNP/SEQ next generation sequencing facility (hosted by Uppsala University) on an Illumina MiSeq platform using 2x300 bp chemistry.
The raw amplicon sequencing data was demultiplexed and sequence-pairs were assembled using an in-house bioinformatic pipeline described in Sinclair et al. (2015) . The pipeline further removed sequences with missing primers and unassigned base pairs. The quality-filtered and assembled reads were clustered into operational taxonomical units (OTUs) using UPARSE (3% sequence dissimilarity cutoff; Edgar, 2013) . Taxonomy was assigned using CREST (Lanz en et al., 2012) and the SilvaMod ribosomal database as well as the Naive Bayesian Classifier (Wang et al., 2007) in combination with a freshwater specific 16S rRNA gene database (Newton et al., 2011) . Raw sequences were deposited in the GenBank sequence read archive (SRA) under accession number SRP075169. Statistical analyses of bacterial community composition between treatments were performed using R software (R Core Team 2014) . Prior to analysis, samples were randomly downsized to the sample with the least number of reads (11,959 reads).
Bacterial abundance and biomass
Bacterial cell abundance was analysed by flow cytometry after cells had been fixed with formaldehyde (final concentration 2%) and stained with the fluorescent dye Syto13 (Molecular probes, Invitrogen, Carlsbad, CA, USA) according to del Giorgio et al. (1996) . Cell counting was performed with a flow cytometer equipped with a 488 nm blue solid state laser (Cyflow Space, Partec, G€ orlitz, Germany). A volume of 50 ml was counted and green fluorescence was used as trigger during the measurement. The flow cytometry counts were analysed using Flowing Software version 2.5 (Perttu Terho, Centre for Biotechnology, Turku Finland). Median forward scatter was used as a proxy for average bacterial cell size and biomass in individual cell samples . Without additional calibration, this metric does not provide information on absolute cell size, but can detect differences in this cellular property between samples and treatments. Analysis of forward scatter results showed that cell size was not significantly different between the treatments and cell counts were therefore used to compare bacterial growth yield between continuous and pulsed reactors.
Data analysis
Differences in cell abundance and cell size between treatments were determined with a repeated measures ANOVA (within-subjects ANOVA, AOV function, R software). Cell size measures were compared between the treatments for day 19 of the incubation (n 5 6 for each treatment). Differences in community-level acetate uptake rates from HPLC and 14 C tracer experiments were analysed with student's t-test both before and after normalizing for cell abundance differences between treatments.
Differences in bacterial community composition between treatments were visualized in a non-metric multidimensional scaling plot (metaMDS function, package ggplot2, Wickham, 2009) using Bray-Curtis dissimilarity index. Significant differences were tested with a one-way permutational (n 5 999) manova (adonis function, vegan package, Oksanen et al., 2015) .
Alpha diversity was described with the Chao1 index of species richness. Significant differences in diversity between start and end of the experiment as well as between the two treatments at the end of the experiment were tested with a twoway ANOVA.
In order to see how many OTUs that were significantly overrepresented in the respective treatment (pulse versus continuous), we estimated the dispersion of our data to take into account outlier-driven bias. All OTUs were ranked according to their association to each treatment and the tagwise dispersion function (edgeR, R package) ranked the OTUs according to their coefficient of variation between replicates. The OTUs that were significantly different between the treatments (p-value < 0.05) were retrieved. In order to adjust the pvalue using a false discovery rate (FDR) the Toptag function was applied.
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